Plant secondary metabolism significantly contributes to defensive measures against adverse abiotic and biotic cues. To investigate stress-induced, transcriptional alterations of underlying effector gene families, which encode enzymes acting consecutively in secondary metabolism and defense reactions, a DNA array (MetArray) harboring gene-specific probes was established. It comprised complete sets of genes encoding 109 secondary product glycosyltransferases and 63 glutathione-utilizing enzymes along with 62 cytochrome P450 monooxygenases and 26 ABC transporters. Their transcriptome was monitored in different organs of unstressed plants and in shoots in response to herbicides, UV-B radiation, endogenous stress hormones, and pathogen infection. A principal component analysis based on the transcription of these effector gene families defined distinct responses and crosstalk. Methyl jasmonate and ethylene treatments were separated from a group combining reactions towards two sulfonylurea herbicides, salicylate and an avirulent strain of Pseudomonas syringae pv. tomato. The responses to the herbicide bromoxynil and UV-B radiation were distinct from both groups. In addition, these analyses pinpointed individual effector genes indicating their role in these stress responses. A small group of genes was diagnostic in differentiating the response to two herbicide classes used. Interestingly, a subset of genes induced by P. syringae was not responsive to the applied stress hormones. Small groups of comprehensively induced effector genes indicate common defense strategies. Furthermore, homologous members within branches of these effector gene families displayed differential expression patterns either in both organs or during stress responses arguing for their non-redundant functions.
Introduction
Plants feature an enormous variety of small organic, secondary metabolites, which possess diverse protective, defensive or signaling functions. Accordingly, many enzyme activities encoded by large gene families are involved in the biosynthesis, modification and compartmentation of these compounds. These gene families are assumed to have evolved to provide a broad diversification of similar biochemical reactions and flexibility of plant responses to different environmental conditions (Pichersky and Gang, 2000) . Our laboratories are aiming at elucidating the function of gene families related to plant secondary metabolism, in particular with respect to their role as effector genes at the end of signaling cascades, which act in plant xenobiotic metabolism and pathogen defense. This study is focused on analyzing the transcriptomes of four gene families that are involved in different, biochemical reactions: oxidation by cytochrome P450 monooxygenases (CYP), conjugation with UDP-activated carbohydrates by secondary metabolite glycosyltransferases (UGT), conjugation with the tripeptide glutathione by glutathione transferases (GST), and eventually compartmentation via ATP-binding-cassette transporters (ABC transporters). Importantly, these enzyme classes are often acting consecutively in the synthesis and processing of secondary compounds and in detoxification reactions (Sandermann, 1994; Coleman et al., 1997; Jones and Vogt, 2001; Martinoia et al., 2002; Wagner et al., 2002) .
CYP genes form one of the largest families with 272 genes annotated in Arabidopsis (WerckReichhart et al., 2002) . Catalytic functions of CYPs are extremely diverse and usually result from the activation of molecular oxygen and insertion of one oxygen atom into a lipophilic substrate (Mansuy, 1998; Werck-Reichhart et al., 2002) . Plant CYPs are involved in the synthesis of precursors of polymers, pigments, signaling and defense molecules and the hydroxylation or dealkylation of exogenously applied compounds (Chapple, 1998; Kahn and Durst, 2000; WerckReichhart et al., 2002; Schuler and Werck-Reichhart, 2003) . CYPs are defined by a common structural fold and only three strictly conserved amino acids (Graham and Peterson, 1999; WerckReichhart et al., 2002) . Sequence identity among plant CYPs ranges from below 20% to higher than 95% in highly duplicated sub-families forming clusters of up to 13 genes. By far the largest CYP clade is referred to as plant specific class A including mainly enzymes of secondary metabolism. Four to six other clades, referred to as Non-A CYPs, are related to animal or microbial enzymes involved in lipid, sterol or isoprenoid metabolism (Werck-Reichhart et al., 2002) . The function of more than 80% of the Arabidopsis CYP genes is unknown.
UGTs transfer carbohydrate residues onto small organic compounds to regulate their activity, toxicity or amenability to transport. Many of these compounds such as phytoalexins, cell wall precursors and plant hormones are important for plant defense, cellular homeostasis and signaling. UGTs, which are defined by a conserved domain in their C-terminal region, constitute a large gene family of up to 120 members including eight pseudogenes annotated in A. thaliana Columbia (Paquette et al., 2003) . Phylogenetic alignment splits the A. thaliana UGTs into 14 subgroups . There is only limited information on the function of individual UGTs. Systematic as well as focused analyses of the substrate properties have been initiated (Milkowski et al., 2000; Jackson et al., 2001; Lim et al., 2001 Lim et al., , 2002 Jones et al., 2003) . UGTs may display a reduced substrate specificity and rather be regioselective accepting certain chemical substructures (Jones and Vogt, 2001) . Importantly, UGTs with activity towards xenobiotic model compounds, which may interfere with endogenous substrates, have been described for recombinant Arabidopsis enzymes (Loutre et al., 2003; Messner et al., 2003) .
Similarly to UGTs, GSTs have been implicated in the detoxification of endogenous and xenobiotic compounds and in plant secondary metabolism (Marrs, 1996; . GSTs are a family of multifunctional, dimeric enzymes that catalyze the conjugation of the tripeptide glutathione to a large variety of lipophilic compounds. Plant GSTs are also encoded by large and diverse gene families. The 47 Arabidopsis GSTs are divided on the basis of sequence similarity into the phi, tau, theta and zeta classes Dixon et al., 2002; Wagner et al., 2002) . A fifth class of GST-like genes (lambda), which does not possess glutathione transferase activity , was not included in this study. For a few members, roles in herbicide detoxification or development have been demonstrated (Marrs, 1996; Smith et al., 2003) . Phi and tau GSTs catalyze the glutathionetagging of secondary metabolites including phytoalexins and isothiocyanates, function as glutathione peroxidases or they have non-catalytic roles Dixon et al., 2002) . Some GSTs appear to have roles as hormone-or flavonol-binding proteins (Marrs, 1996; Gonneau et al. 1998; Smith et al., 2003) , as components of UVinducible cell signaling pathways (Loyall et al., 2000) or as potential regulators of apoptosis (Kampranis et al., 2000;  for review: Dixon et al., 2002) . Zeta GSTs catalyze an important glutathione-dependent isomerization step in the catabolism of tyrosine . Theta GSTs may be mainly active as glutathione peroxidases reducing organic hydroperoxides produced during oxidative stress Wagner et al., 2002) .
Because of the important nature of glutathionedependent reactions in plant stress responses a complete set of additional glutathione-utilizing enzymes was included in this study: eight glutathione peroxidases (GPX), six glyoxalases (GLX) and two glutathione reductases (GR). GPXs catalyze the GSH-dependent reduction of hydrogen peroxide and organic hydroperoxides. Two consecutive reactions catalyzed by GLXI and GLXII convert 2-oxoaldehydes, such as methylglyoxal, into the corresponding 2-hydroxy acids via a glutathionated intermediate (Thornalley, 1990) . GRs catalyze the conversion of oxidized to reduced glutathione and play a major role in maintaining the reduced to oxidized glutathione balance (Noctor et al., 2002) .
Eventually, ABC transporters are involved in compartmentation of endogenous metabolites or catabolites and in detoxification of xenobiotic conjugates. They are characterized by the presence of specific transmembrane and signature ATPbinding cassette domains. Arabidopsis harbors 105 predicted members . Fiftyfour members are full-size transporters containing two ATPase and two transmembrane domains each. These include 15 multidrug resistance related proteins (MRPs), 15 pleiotropic drug resistance proteins (PDRs) and 22 P-glycoproteins (PGPs). ABC1 homolog (AOH1) and peroxisomal ABC transporter homolog (PMP) are distinct full-size members. A few members have been localized to different membranes. MRP2 was inserted in the tonoplast, whereas PGP and PDR members were located to the plasma membrane (for review: Davies and Coleman, 2000; Sa´nchez-Ferna´ndez et al., 2001; Martinoia et al., 2002) .
Some information is available on the transcription of these gene families. Several genes were shown to be transcriptionally activated by various stresses in agreement with their postulated function in stress protection. The stresses included exposure to ozone, hydrogen peroxide, signaling molecules, heavy metals, heat shock, dehydration, wounding, biotic elicitors and microbial infection (Marrs, 1996; Mullineaux et al., 1998; Jackson et al., 2001 Jackson et al., , 2002 Sa´nchez-Ferna´ndez et al., 2001; Kolukisaoglu et al., 2002; Mazel and Levine, 2002;  The highly homologous GSTF6 and GSTF7 may crosshybridize, however, independent analyses showed that both genes are responsive to primisulfuron (Table 4) . UGT76E3  UGT76E10P  UGT76E6  UGT76E4  UGT76E5  UGT76E11  UGT76E12  UGT76E7  UGT76E8P  UGT76E9  UGT83A1  UGT74B1  UGT74F1  UGT74F2  UGT74C1  UGT74D1  UGT74E1  UGT74E2  UGT75C1  UGT75D1  UGT75B1  UGT75B2  UGT84B1  UGT84B3  UGT84B2  UGT84A1  UGT84A2  UGT84A3  UGT84A4  UGT85A4  UGT85A5  UGT85A2  UGT85A1  UGT85A6P  UGT85A7  UGT86A1  UGT86A2  UGT87A1  UGT87A2  UGT92A1  UGT73D1  UGT73C7  UGT73C1  UGT73C2  UGT73C3  UGT73C4  UGT73C5  UGT73C6  UGT73B1  UGT73B2  UGT73B3  UGT73B4  UGT73B5  UGT89A1P  UGT89A2  UGT89B1  UGT89C1  UGT90A1  UGT90A2  UGT79B1  UGT79B6  UGT79B9  UGT79B10  UGT79B11  UGT79B7  UGT79B8  UGT79B4  UGT79B5  UGT79B2  UGT79B3  UGT91C1  UGT91A1  UGT91B1  UGT80A2 van den Bruˆle and Smart, 2002; Wagner et al., 2002; Werck-Reichhart et al., 2002; Rodriguez Milla et al., 2003; Smith et al., 2003) . The present study was to initiate the comprehensive, functional analysis of these gene families aiming at identifying differential recruitment of individual members and groups of co-regulated effector genes in response to different abiotic and biotic stressors. A DNA array, named MetArray, for parallel expression profiling of 267 members of these gene families was established by designing gene-specific probes from their 3¢-regions.
Results and discussion

Gene families and generation of probes
Genes belonging to large families are often highly homologous within their coding regions. Therefore, target sequences for hybridization to genes associated with secondary metabolism were selected from their 3¢-ends including untranslated regions. Probes were designed and checked using a semi-automatic, web-based algorithm (Affenzeller et al., in preparation) . Briefly, the specificity of probes was first tested via BLAST analyses against the whole A. thaliana genome sequence. In addition, FASTA sequence comparisons with all predicted A. thaliana ORFs of the MIPS database including 500 nt extensions at both ends were performed. This analyses were refined by considering the relative orientation of genes and experimental cDNA sequences. Nevertheless, in a few cases it was not possible to exclude any crossreactivity due to densely packed genes or due to the high homology of the genes, e.g. the pairs GSTF2/ GSTF3 and GSTF6/GSTF7. In agreement with Xu et al. (2001) probes exhibiting a homology of at most 70% over a stretch of 70 nt were regarded as highly specific; a considerable cross-hybridization was indicated for probes with more than 85% homology over 100 nt (Supplementary Table 1) .
Genome-wide sets of gene-specific probes for 116 Arabidopsis UGTs including seven putative pseudogenes, all 47 GSTs, eight GPXs, six GLXs, and two GRs were designed. In addition, two subsets of Arabidopsis genes encoding CYP and ABC transporters were included. A group of 62 CYP genes was arbitrarily selected with the intention to include members fulfilling diverse criteria: known function, high EST frequency, A and Non-A type CYP genes, and a sample of genes belonging to highly duplicated subfamilies. Twenty-six full-length ABC transporters were selected on the basis of members annotated at the beginning of this project. This set contained nine MRP-, eight PGP-, eight PDR-type genes, and the single copy AOH1. The phylogenetic relationships of the gene families represented on the MetArray are shown in Figure 1 .
Information concerning all probe sequences, bioinformatic analyses and specificity can be accessed at mips.gsf.de/proj/thal/primerDesign/index.html and as a supplementary table (Supplementary Table 1), where a possible cross-reactivity is discussed for thirty-five out of 267 probes. Thus, any potential conflict is pinpointed to guide a targeted examination by an independent technique.
Organ distribution of transcripts
The MetArray was used to obtain comprehensive information about the organ expression patterns of these gene families in roots, rosette leaves, (Thompson et al., 1994) and TREEVIEW (Page, 1996) and Supplementary Table 3 for data of replicas.
stems, inflorescences and immature siliques. This knowledge was to provide a framework for assessing potential redundancies and functions of these genes in different organs.
Ubiquitously and often highly expressed genes were detected among all gene families ( Figure 1A -G). Most remarkable was the high and constitutive expression of most glyoxalases, glutathione reductases and glutathione peroxidases as well as many glutathione transferases ( Figure 1C -E). Among the glutathione peroxidases, GPX1 and GPX3 showed the highest transcription in all organs, whereas the closely related GPX6 could not be detected in any tissue ( Figure 1C ). All glyoxalases except GLX-II.1 were expressed at a high level in all organs ( Figure 1D ). A few out of 47 Arabidopsis glutathione transferases were highly and ubiquitously transcribed. This mostly pertained to members from closely related subgroups, such as the tau GSTs GSTU5; GSTU13, GSTU19, GSTU20 and the phi members GSTF2, GSTF8, GSTF9, and GSTF10. In contrast, transcripts of highly related other members were not detected or differentially expressed ( Figure 1B) . Among the CYP, UGT and ABC transporter genes only a few members were constitutively expressed at a higher level, e.g. CYP73A5, CYP51A2, CYP81H1, CYP98A9, UGT72B1, UGT74C1, UGT80A2, UGT83A1, UGT89B1, MRP11 or PDR8. These high and wide-spread expression patterns might indicate constitutive functions. Nevertheless, it was interesting to note that a few of these genes were further enhanced in response to different stimuli, e.g. GPX1, GPX3, GPX4, GR2, GSTF2, GSTF10, GSTU19, UGT80A2, CYP71B28, CYP73A5, or PDR8 (see below; Tables 1-3) .
Highly related members of the large UGT subgroup L (Ross et al., 2001 ; Figure 1F : UGT74B1-UGT84A4) showed widely overlapping expression patterns, which could indicate redundant functions. However, using recombinant enzymes several of these UGTs had been shown to exhibit differential substrate preferences Lim et al., 2001 Lim et al., , 2002 . Similarly, the overlapping expression patterns of GSTU16/GSTU17/GSTU18, of GPX1/GPX3 or of GR1/GR2 (Figure 1B, C and E) would be in agreement with redundant functions. However, they differed in their stress responsiveness (see below). On the other hand, several genes belonging to highly related branches displayed differential expression patterns indicating nonredundant functions, e.g. UGT71C, UGT76E, and UGT79B branches, GSTF11/GSTF12, theta GST and several tau GST subgroups, GPX2/GPX7, or PDR1/PDR6/PDR7/PDR8.
CYP genes seemed to have a much stronger on/ off control than most other genes ( Figure 1A ). This might reflect a tighter control of gene expression, possibly related to the higher substrate specificity and their functions as rate limiting steps in many pathways. Among the other gene families studied there were only a few examples that showed similar control. Restricted expression patterns were observed for UGT71C1, UGT72E2, members of the UGT76B subgroup, several GSTU members, or PDR7 and PDR11 (Figure 1) .
At least in a qualitative manner, the MetArray expression patterns matched most previously reported data by Northern, RT-PCR, or promoterreporter analyses of single CYP genes (Bell-Lelong et al., 1997; Mizutani et al., 1998) , of genes encoding UGTs and glutathione-dependent enzymes (Warnecke et al., 1997; Jackson et al., 2001; Jones et al., 2003; Loutre et al., 2003; Rodriguez Milla et al., 2003) , or groups of ABC transporter genes van den Bruˆle and Smart, 2002) . A compilation of examples are provided as supplementary information (Supplementary Table 2 ). However, when comparing the MetArray data with other information it is important to bear in mind that developmental and environmental differences as well as a lower sensitivity of the MetArray compared to RT-PCR may contribute to discrepancies. A technical difference could account for the observation that the array expression levels in leaves tended to be lower. A high amount of photosynthetic gene mRNAs may considerably dilute total transcripts and thereby it may affect hybridization in a different way than other analyses (Materials and methods).
In summary, the observed expression patterns support the functional significance and diversity provided by these large gene families and, consequently, they argue against truly redundant functions within these enlarged gene families as long as complete branches had been investigated. In addition, co-expression patterns of genes from different families matched their known biochemical functions indicating a respective functional relation in planta. The constitutive expression of CYP51A2, which encodes a 14a-demethylase having a housekeeping role in the biosynthesis of steroids, was paralleled by the expression of UGT80A2, which glucosylates sterols in vitro (Figure 1A and F; Warnecke et al., 1997; WerckReichhart et al., 2002) .
Principal component analysis of transcriptional responses to chemical, biological and physical challenges
Gene families acting in secondary metabolism may be involved as effector genes in response to diverse environmental cues. Therefore, the MetArray was used to monitor transcriptional changes in response to diverse abiotic and biotic stimuli and to elucidate both stress-specific and overlapping responses. The analyses were focused on the reaction The highly homologous GSTF6 and GSTF7 may crosshybridize, however, their induction was confirmed independently (Table 4) . Probe may cross-react with closely related CYP71B16, CYP71B17, and CYP71B20. The weak response to SA was confirmed by RT-PCR (Table 4) . Table 6 ; Materials and methods). a The highly homologous GSTF6 and GSTF7 may crosshybridize, however their induction was confirmed independently (Table 4) . The weak response to SA was confirmed by RT-PCR (Table 4) . Probe may cross-hybridize with homologous member (UGT71C4), which showed similar reaction. Mean expression value includes replicas, where no expression was detected.
of A. thaliana leaves 24 h after application of the stimuli. As chemical stressors two different classes of herbicides were chosen (Figure 2 ). Bromoxynil (BXN), a photosystem II targeting herbicide, and two different sulfonylurea herbicides, primisulfuron (PRI) and prosulfuron (PRO), interfering with the biosynthesis of branched amino acids, were sprayed at sublethal doses. Continuous UV-B irradiation (UVB) was used as a physical stressor provoking oxidative damage and defense reactions (Surplus et al., 1998 (Dong, 1998; Kunkel and Brooks, 2002) . Only those genes were kept for further analyses, whose expression was detected in at least three treatments or showed two-fold or higher changes in at least one condition. This measure reduced the number of genes from 267 to 135 (Supplementary Table 4 ). The complete set of data including replica experiments can be accessed as supplementary data (Supplementary Tables 5 and 6 ). To identify differences between and correlations among the transcriptional responses to the various stimuli the expression data were subjected to a principal component analysis (PCA; Figure 3 ). Transcriptional reactions after treatment with the signal molecules MeJA and ETH gave one highly correlated group. Responses to SA were associated with an independent group that included genes induced by the avirulent P. syringae [PSavir] . Interestingly, this group also contained genes responsive to two different sulfonylurea herbicides, primisulfuron and prosulfuron. The response patterns established by treatment with another herbicide, bromoxynil or UV-B radiation were different from both groups (Figure 3) . Although the correlation of UVB and bromoxynil was less significant in the PCA, it could indicate a common defense strategy against oxidative damage, which is provoked by both stressors. The UVB experiment, however, differed from all other treatments because it was designed to analyze the long-term effects on plants grown in the presence of UV-B (Go¨tz et al., in preparation). Since the CYP and ABC trans- 5.9 ± 3.0 3.4 ± 0.3 n.d. 0.5 ± 0.1 4.2 ± 2.4 2.6 ± 0.2 --GSTF2 6.6 ± 1.3 3.0 ± 2.0 0.6 ± 0.2 1.1 ± 0.1 15.1 ± 17.5 3.6 ± 1.5 2.7 ± 1.5 2.8 ± 1.5 GSTF3 4.8 ± 0.9 n.d. 0.7 ± 0.1 n.d. 6.1 ± 1.6 n.d. 3.0 ± 2.1 n.d. GSTF6 16 1.8 ± 0.7 0.7 ± 0.1 0.4 ± 0.2 16 2.7 ± 0.5 6.9 ± 7.8 1.9 ± 0.1 GSTF7 5.2 ± 4.1 3.0 ± 0.8 0.7 ± 0.3 0.7 ± 0.5 9.7 ± 6.3 4.9 ± 2.5 3.3 ± 1.8 2.4 ±0.7 UGT74F2 7.9 ± 3.9 4.4 ± 1.3 4.3 ± 3.3 1.6 ± 0.0 4.2 ± 2.1 2.7 ± 0.1 1.9 ± 1.1 2.4 ± 0.1 MRP3 10.2 ± 8.4 2.7 ± 0.5 0.5 ± 0.6 0.8 ± 0.2 5.4 ± 3.1 2.1 ± 0.2 2.4 ± 0.9 1.9 ± 0.1
Verifications by semi-quantitative RT-PCR analyses were compared to inductions determined by MetArray analyses. porter gene members were not included as full genome sets, it is important to note that these three major groups in the PCA were retained when eliminating either one of the partial gene families or both families from PCA (Supplementary Figure 3) . Thus, the identified correlations are not biased by selecting these subgroups. The separation of the ETH and MeJA response from the reaction to PSavir and SA was not surprising per se. Several genetic analyses and gene expression studies revealed a mutually antagonistic nature of the SA-dependent and jasmonate-or ethylene-dependent defense pathways but also substantial overlap between these different signaling pathways (for review: Kunkel and Brooks, 2002) . However, it is important to emphasize that the correlations demonstrated here were based on a small set of effector gene families related to secondary metabolism lacking classical marker genes for these pathways like pathogenesis-related proteins or components of signaling cascades (Dong, 1998; Kunkel and Brooks, 2002) . The enormous genetic diversity of secondary metabolism may endow the plant with the ability to recruit differential consortia of effector genes in response to various stimuli. Nevertheless, responses to different biotic and abiotic stimuli may also converge as indicated by the co-induction of genes by several inputs (see below).
A subset of genes was extracted from the PCA that most significantly contributed to the differentiation or association of stress responses, respectively (Figure 4 ; Materials and methods). Among these genes two small subgroups were coinduced by several stimuli indicating their involvement in comprehensive reactions. Both groups identify effector genes that are likely to be Color-coding of the original, log2-transformed expression ratios (treatment vs. control) ranges from intense red (larger than 2) to intense green (lower than -2), black meaning no change (ratio 0). For numerical data and individual expression values see Supplementary Tables 5 and 6. activated by converging, yet differentiating defense pathways.
One group comprised genes that were not induced or even repressed by ethylene or methyl jasmonate but activated by several other stimuli (Figure 4 ; yellow group). This group pinpointed several distinct members of the CYP and UGT families as well as GLX-II.1, GSTF8, and GPX7. All genes except the putative salicylate-glucosyltransferase UGT74F2 (Lim et al., 2002) encoded enzymes of so far unknown biochemical or physiological functions. Another group combined genes that were widely induced by sulfonylurea herbicides, pathogen inoculation and the three stress hormones SA, MeJA and ETH. In contrast, no enhancement was found after BXN application and UV-B irradiation (Figure 4 , blue group). In addition to CYP72A8 and PDR8, this group also contained CYP71B15, GSTF2, GSTF6, and GSTF7. The latter genes are distinct members of subfamilies that were found to be associated with the yellow group. Therefore, these stress-responsive expression patterns do clearly indicate differential functions fulfilled by these homologous members in specific contexts.
The induction of GSTF2 and of the homologous GSTF6 and GSTF7 by several stress signals had been already described (Maleck et al., 2000 : ERD11 ¼ GSTF6, GST11 ¼ GSTF7; Wagner et al., 2002) . Parallel RT-PCR analyses revealed that both GSTF6 and GSTF7 were regulated in a similar way, whereas only GSTF2, but not the homologous GSTF3, was responsive to multiple stimuli (Table 4) . Interestingly, Smith et al. (2003) demonstrated that GSTF2 binds flavonols and might participate in the regulation of auxin transport. The functional relationship between its suggested roles in development and in stress responses are yet to be elucidated. CYP71B15 that also fell into this group encodes a step in the biosynthesis of camalexin. Thus, elevation of this phytoalexin could be part of a general stress response. The inclusion of CYP72A8 and the ABC transporter PDR8 within this group provided a first hint to their multiple involvements in plant stress responses.
Differential response to herbicides
As indicated by the PCA the responses to two sulfonylurea compounds, primisulfuron and prosulfuron, were clearly distinct from the reaction to bromoxynil. A number of genes comprising members of all families were specifically induced by the two herbicide classes (Table 1; Supplementary Table 5 ).
Several genes were induced by primisulfuron and prosulfuron but not responsive to bromoxynil. With the exception of the specifically induced GSTU24, UGT74E2, UGT75B1, and UGT86A1 (see below), all other genes of this group were also responsive to other stressors. GR2 was activated by sulfonylureas in contrast to its isoform GR1 that is also expressed in leaves (Table 1, Figure 1E) . Sulfonylureas enhanced the transcription of CYP71B15, involved in phytoalexin biosynthesis, and CYP76C2 (Table 1) . Both CYPs had been previously characterized as pathogen-inducible genes (Godiard et al., 1998; Zhou et al., 1999) . In addition to CYP81D8, UGT73C5, and UGT87A2, which were not known to be stress-related, this group also contained the stress-responsive genes GSTF2, GSTF6, GSTF7 and PDR8 (Table 1 ; Figure 4 ). PDR-type ABC transporters might be involved in defense and detoxification, which had been indicated for three homologous members from other plant species (Smart and Fleming, 1996; Jasinski et al., 2001; Sasabe et al., 2002; van den Bruˆle et al., 2002) . The known induction of the Arabidopsis ABC transporter MRP3 by sulfonylureas (Tommasini et al., 1997) was confirmed by this analysis.
Two genes were identified that are specifically induced by bromoxynil in comparison to sulfonylureas, the highly and ubiquitously expressed glutathione peroxidase GPX3 and the glucosyltransferase UGT75D1. Neither GPX3 nor UGT75D1 were responsive to treatment with the three stress hormones or pathogen infection (Supplementary Table 4) . Interestingly, recombinant UGT75D1 was shown to glucosylate the xenobiotic compound 2,4,5-trichlorophenol . GPX3 could be specifically involved in antagonizing oxidative damage that occurred as a result of inhibition of photosystem electron transport by BXN. Interestingly, distinct GPX members were up-regulated by PSavir in both SA-dependent and SA-independent manners (Table 2; see below) .
A single gene, UGT74F2, was found to be coinduced by both chemical classes of herbicides as well as by pathogen treatment and SA application (Tables 1, 2, 4; Figure 4) . Furthermore, its woundinducibility has been recently described by Cheong et al. (2002; gene AAB64024) . In vitro studies using recombinant enzymes showed that UGT74F2 is able to glucosylate SA by preferentially forming its glucose ester (Lim et al., 2002) . A highly related second enzyme, UGT74F1 that specifically catalyzes the formation of SA-2-O-glucoside in vitro was neither induced by BXN nor sulfonylureas (Supplementary Table 5 ). Thus, a specific pathway glucosylating SA might be induced by these herbicides. BXN is also an inhibitor of cinnamate 4-hydroxylase that may trigger the accumulation of SA Schoch et al., 2002) . Thereby, the induction of UGT74F2 could be part of an SA detoxification mechanism.
Genes directly involved in the detoxification of these xenobiotic compounds may be included among the induced transcripts. In particular, transferase genes that are not responsive to other treatments may be good candidates. These include GSTU24, UGT74E2, UGT75B1 and UGT86A1 (Table 1; Supplementary Table 4) . Especially, the role of the induced UGT genes deserves further investigation because glucosylation is known to be involved in the detoxification of both herbicide classes (Schaller et al., 1992; Kreuz and Martinoia, 1999) . Recombinantly expressed UGT75B1 catalyzed the glucosylation of benzoic acid and hydroxyl-derivatives thereof (Lim et al., 2002) .
In conclusion, this analysis defined two groups of genes that are suitable to distinguish the response to sulfonylurea compounds and bromoxynil. Individual effector genes from secondary metabolism were associated with reactions of the plant towards different classes of exogenous chemicals.
Differential responses to plant stress hormones and bacterial infection
Inoculation by the avirulent pathogen Pseudomonas syringae pv. tomato DC3000 (avrRpt2) induces SA-dependent gene expression in A. thaliana (Maleck et al., 2000) . PCA showed that this correlation was also reflected at the level of effector gene families related to secondary metabolism. It was clearly distinct from the reaction to ETH and MeJA (Figure 3 ). The latter hormones are known to activate overlapping signaling pathways (Xu et al., 1994; Penninckx et al., 1998; Kunkel and Brooks, 2002) .
The transcriptional changes of several genes were responsible for these correlations. The ABC transporter MRP3, the putative salicylic acid glucosyltransferase UGT74F2, and two genes with unknown roles, CYP71B28 and GPX7, were activated by PSavir and SA in contrast to ETH and MeJA, which could even repress the expression of the two latter genes (Table 2 ). On the other hand, the expression of three genes with unknown functions, UGT71C3, UGT85A5 and AOH1 was altered by ETH and MeJA but non-responsive to SA or pathogen infection (Table 2) .
However, a number of these effector genes exhibited other co-induction patterns. This provided further evidence for alternative crosstalks among defense signaling pathways (for review: Kunkel and Brooks, 2002) and identified effector genes as specific targets. First, CYP71B15, GSTF2, GSTF6, and GSTF7, which had been already identified as comprehensively induced effector genes, were coordinately enhanced (Table 2 ; Figure 4) . Second, the Pseudomonas-responsive CYP72A8, GSTZ1 and GSTF10 were co-induced by either ETH or MeJA but not by SA (Table 2) . Schenk et al. (2000) had previously described similar correlations among the different signaling pathways mostly based on known stressresponsive and signaling components. Importantly, this analysis pinpointed individual effector genes, which also reflected such responses and crosstalks.
Interestingly, this compilation revealed a large group of genes from all families that was specifically responsive to the PSavir. These genes indicated an induction or suppression by the bacterial pathogen that was independent from the response to the three stress hormones. Thara et al. (1999) had previously reported two tomato transcription factors that were induced by a virulent Pseudomonas strain independent of ETH, SA and jasmonate. Thus, independently mediated or obligatorily synergistic signaling pathways may exist. More than half of the genes within this group had no known physiological functions, such as e.g. CYP76C6, GSTU19, GPX4, UGT87A2, or PDR8. In vitro, UGT80A2 glucosylated sterols (Warnecke et al., 1997) and MRP5 was implicated in the regulation of ion fluxes (Gaedecke et al., 2001 ). However, a few genes of this group had known functions in plant defense: CYP73A5 encoding cinnamate 4-hydroxylase and CYP79B2 and CYP83B1, which are involved in the biosynthesis of indole glucosinolates Mikkelsen et al., 2003) . Using RT-PCR, Mikkelsen et al. (2003) could also demonstrate an induction of CYP79B2 by MeJA that was not detected by the array analysis.
Correlation of responses to sulfonylurea herbicides and Pseudomonas PCA revealed an interesting association of transcriptional responses to sulfonylurea herbicides with Pseudomonas inoculation and SA treatment (Figure 3) . Several comprehensively induced genes, CYP71B15, CYP72A8, GSTF2, GSTF6, GSTF7, GSTZ1, and MRP3 were contributing to this correlation (Table 3) . A number of additional genes including members of all effector gene families specifically linked the responses to sulfonylureas and to the bacterial pathogen (Table 3) . Interestingly, the majority of these genes had been already identified as PSavir-enhanced genes that were not induced by individual stress hormones (Tables 2 and 3) .
Their co-induction suggested that they might exhibit overlapping roles in reactions to the biotic and specific abiotic stressors. CYP73A5 encodes cinnamate 4-hydroxylase as a key enzyme in the phenylpropanoid biosynthesis that may be either co-regulated with or dissociated from the response of other genes of this pathway (Bell-Lelong et al., 1997; Mizutani et al., 1997; Jin et al., 2000) . The ubiquitously expressed GPX1 (Figure 1C) had been shown to be responsive to oxidative and abiotic stresses (Sugimoto and Sakamoto, 1997; Rodriguez Milla et al., 2003) . The pathogen-responsive, putative salicylate-glucosyltransferase UGT74F2 was co-induced by sulfonylurea herbicides and BXN (Tables 1 and 3) . For all other genes combined in this group except for MRP5 and PDR8 (see above), no function or relation to plant stress response had been described so far.
A possible explanation for the correlated induction of effector genes by sulfonylurea and pathogen could be an impact on aromatic amino acid metabolism, which is evoked by the inhibition of the synthesis of branched amino acids by sulfonylurea herbicides. Consequently, plant responses involving compounds derived from aromatic amino acids, such as the reaction to pathogens, might be affected. Sulfonylurea application could therefore influence the susceptibility of plants towards pathogens and, vice versa, a prevailing infection could alter the sensitivity towards these herbicides.
Independent controls of transcriptional alterations
In most instances, the expression of GST, CYP, UGT, and ABC transporter genes previously reported in the literature was in agreement with the array expression analyses (see above; Supplementary Table 2 ). Discrepancies such as the high expression of MRP5 observed in immature siliques or the lack of SA-induction of GSTF8 in contrast to reported cases could be attributed to different experimental regimes such as the affected organs, age, or timing (Supplementary Table 2) .
To further confirm the data obtained with MetArray, the transcript levels of additional genes, which linked the responses to abiotic and biotic stresses, were examined by semi-quantitative RT-PCR. These analyses confirmed the coinduction of CYP71B15, CYP72A8, GSTF2, GSTF6, GSTF7, UGT74F2, and MRP3 by primisulfuron application and Pseudomonas infection (Table 4 ). In addition, these genes differentiated the reaction to primisulfuron and bromoxynil in agreement with the array analyses; UGT74F2 was confirmed to be induced by both herbicides (Tables 1 and 4) . However, the quantitative induction values were different for both types of analyses. In most cases, the array induction values were greater than RT-PCR data, which is coherent with the fact that several array induction values were calculated using estimated, low control levels as denominators. Consequently, we never discussed a biological meaning of different induction values.
The probes directed against the highly homologous pairs of phi GSTs, GSTF2/GSTF3 and GSTF6/GSTF7 were likely to cross-react with transcripts from both genes, respectively. Since the array analyses revealed their responsiveness to multiple stimuli, their induction was scrutinized by RT-PCR. The induction of GSTF6, GSTF7 and GSTF2 by PRI, PSavir, SA, MeJA, and ETH was confirmed by RT-PCR (Table 4; Supplementary  Table 7 ). In contrast, GSTF3 was not detected by RT-PCR, although the array induction values were similar due to cross-hybridizing GSTF2 transcripts (Table 4) .
Conclusions
A. thaliana effector genes involved in consecutive steps of plant secondary metabolism had been chosen for a combined analysis of transcriptional responses to abiotic and biotic stressors. Most of them are encoded by large gene families. In order to distinguish between highly homologous members gene-specific probes derived from 3¢-regions were designed. Both the organ-specific expression patterns and the differential stress-responsiveness among members of these gene families emphasize the functional importance of the enormous genetic diversity that has evolved in plants. Although there are highly homologous gene clusters at the sequence level, differential transcriptional regulations along with biochemical data argue against truly redundant functions of members within phylogenetic branches, which had been completely investigated. From an evolutionary point of view Pichersky and Gang (2000) linked the plasticity of plant responses to environmental challenges in particular to the diversification of plant secondary metabolism and the creation of an increasing number of genes with new properties and tasks. As a consequence and manifestation of these diverse functions, the transcriptome of these effector gene families appears to monitor and differentiate plant responses to various environmental cues. This allowed distinguishing three different types of reactions towards the stimuli applied in this study.
Of particular interest was the differentiation of plant responses towards two different exogenous chemicals. This differentiation probably reflects the different modes of action and potential side effects of these compounds. Thus, it highlights the potential of transcriptome analysis based on a focused collection of effector genes for a fast and straightforward analysis of new active compounds. Furthermore, an important overlap between abiotic and biotic stress responses was indicated by the correlation of Arabidopsis transcriptional reaction towards sulfonylurea herbicides and a bacterial pathogen. Such a crosstalk points to potential mutual interactions of pathogen defense and response to (herbicidal) chemicals. The MetArray is a tool to detect such interactions.
Besides these functional relationships and differentiation of stress responses, this study provides initial information on the function of individual genes related to secondary metabolism by pinpointing individual members to specific or multiple plant stress responses.
Materials and methods
Plant growth conditions and treatments
Arabidopsis thaliana Col-0 were raised on soil with about 10 plants per 5 · 5 cm 2 pot using 16 h light periods (150-200 lmol m )2 s )1 ) at 23 ± 2°C. For pathogen infections plants were grown under 12 h light periods to obtain larger leaves. Leaves (rosette stage before bolting) of control experiments and treatments were harvested in parallel to exclude any diurnal effects. All treatments were done at the rosette stage 2-3 h after the onset of the light-period and lasted 24 h except the UV-B irradiation experiment. Biologically independent experiments were repeated three times or four times in two separate settings (UV-B) (Supplementary Tables 5 and 6 ). The UV-B experiment was conducted as a long term exposure in a sun simulator. After a precultivation period of 5 days, plants were exposed 19 days using a 14 h light period (PAR 1030 lmol m )2 s )1 ) supplemented with 10 h UV-B irradiation at 120 mW m )2 (biologically effective weighting the spectrum according to Caldwell (1971) and normalization at 300 nm). Control plants were grown under glass filters, which cut off UV-B radiation (Ibdah et al., 2002) . For herbicide treatments three-week-old Arabidopsis plants were sprayed with 750 lg m )2 primisulfuron-methyl, 1.5 mg m )2
prosulfuron, and 1.5 mg m )2 bromoxynil octanoate. The herbicide stock solutions had been diluted 1:1000 with 0.05% (w/v) Silwet L-77 (Lehle Seeds, TX, USA) and sonified to get an even aqueous suspension. Control plants were treated in the same way with 0.05% Silwet. There were no visible damages at the harvest. For bacterial infections half the surface of five leaves from five week old Arabidopsis plants were syringe-infiltrated with P. syringae pv. tomato DC3000 (avrRpt2) at a titre of 5.5 · 10 5 colony forming units ml )1 in water. Whole leaves of inoculated and water inoculated control plants were harvested after 24 h. The induction of the molecular markers PR-1 and PDF1.2 was monitored to independently prove the success of pathogen infections (Supplementary Figure 2) . Treatments with SA, MeJA, and ETH were done as described in Wagner et al. (2002) .
For analysis of organ-specific expression patterns plants were grown hydroponically (Gibeaut et al., 1997) with the addition of 0.5 g l )1
2-[N-morpholino]ethanesulfonic acid, pH adjusted to 5.4 with phosphoric acid. Leaves and roots were harvested after 3 weeks, flowers and stems after 5 weeks, immature siliques after 6 weeks.
Nucleic acids
Total RNA was isolated according to the method described by Chang et al. (1993;  PRI, BXN, UVB, organ expression), by Zimmerli et al. (2000;  PSavir/ signal molecules), or by Reymond et al. (2000; PRO) . All procedures included a LiCl precipitation as a major and common purification step. After spectrophotometric analyses the amounts of RNA were equalized according to the ethidium bromide fluorescence encompassing the region of 25S to 18S rRNA bands after gel electrophoresis. Different RNA isolation protocols did not impose a major impact on the expression data; e.g. PRI and PRO data were correlated, although two protocols had been used in different laboratories. See also below (Statistical analysis) for processing of data.
Gene-specific probes were designed and analyzed using ProbeDesign algorithm (see above; Supplementary Table 1 ; mips.gsf.de/proj/thal/primerDesign/index.html). Probes were PCR-amplified from genomic DNA and cloned into pGEM-Teasy vector (Promega, Madison, WI).
Array production, hybridization and data acquisition
Specific DNA probes were amplified using flanking vector DNA sequences (Supplementary Table 8). PCR products were concentrated using Multiscreen plates (Millipore, Bedford, MA, USA), resuspended in water, and spotted in duplicate onto Hybond-N + nylon membranes (Amersham, Freiburg, Germany) using the MicroGrid robot (400 lm pins; BioRobotics, Cambridge, UK). After spotting the filters were crosslinked (UV-Stratalinker 240, Stratagene, La Jolla, USA), denaturated and reference hybridized with 5¢-[ 33 P]-labeled T7 oligonucleotide as described by Hauser et al. (1998 Figure 4) . DNA arrays were hybridized at 68°C in 5· SSC (750 mM NaCl, 75 mM trisodium citrate, pH 7), 5· Denhardt's solution, 0.5% SDS, 100 lg ml )1 denaturated salmon sperm DNA. After final washings at 0.2· SSC/0.1% SDS/65°C primary data were acquired using a FLA-3000 image reader (Fuji, Du¨sseldorf, Germany) at a resolution of 50 lm and ArrayVision software (Imaging Research Inc., Haverhill, UK). To estimate the sensitivity a synthetic mRNA (pAW109; Applied Biosystems, Darmstadt, Germany) was spiked into the hybridization; 5 · 10 7 copies/30 lg total RNA could be detected. About 300 additional probes encompassing other gene-specific probes and EST clones (Supplementary Table 9) were co-hybridized for normalization based on total gene expression in each experiment (see below). All subsequent statistical analyses such as PCA were solely based on the MetArray probe set.
Data evaluation
Primary data from individual hybridizations were processed and normalized using the algorithm described by Thimm et al. (2001; haruspex.mpimpgolm.mpg.de/gxdb/) .
All expression ratios for treatment vs. control experiments were averaged from three biologically independent experiments. In order to allow division indicating a transcriptional ratio individual hybridization signals that were lower than the twofold, local background were replaced by the lowest sample signal measured on that filter (which could possibly be lower than the twofold local background). Thus, any of these values will be an approximation, but rather an underestimation of the induction, since the non-detected reference expression value would be even lower. However, ratios were labeled n.d. (not detectable), if transcripts were not detected in both control and treatment. Any results, which showed inconsistent, up-and down-regulated changes in replica experiments, were labeled 'exp' (Supplementary Tables  4-6 ). If transcription was only detected in one replication, a mean value was calculated using ratio 1.0 (no change) for the not detectable replicas, unless the resulting mean value would indicate a larger than twofold change. In the latter case, values were not taken into consideration and labeled 'o.o.' (only once; Supplementary Tables 4-6). Ratios smaller than 0.5 or larger than 2.0 were considered for specific discussions about transcriptional changes of individual genes (Tables 1-3) . In a few cases, the three replicas indicated a consistent, but highly divergent induction. Consequently, ratio 2.0 was assigned as a minimal induction level to clearly indicate induction without overestimation. Furthermore, several high induction values were based on approximated, low control values as denominators as described above. In order to avoid any biased influence in further multivariate analyses the maximum induction values were generally limited to 16 (=2 4 ) by assigning this value to all inductions higher than 16. For statistical analysis, all values were log-transformed to the basis 2.
For analysis of organ-specific expressions, individual sets of data were normalized as above.
The mean values, representing relative gene activities, were calculated from three biologically independent experiments (Figure 1 ; Supplementary Table 3 ). If no transcription above the twofold local background was detected in a single experiment, zero (no detectable expression) was used for calculation of the mean value.
Statistical analysis
The analysis of MetArray expression data was designed to find a partitioning of genes to specific plant reactions and to explore their concomitant participation in groups of transcriptional responses. Principal component analysis (PCA) was used to analyze how microarray data are structured (Holter et al., 2000 , Raychauduri et al., 2000 Landgrebe et al., 2002) . PCA was applied to the pre-processed data to identify subsets of genes with large variation between transcriptional responses and to extract groups of correlated responses.
Before drawing conclusions about the relative levels of gene expression systematic effects from non-biological sources should be removed. One step of this data preprocessing is concerned with multiple array normalization or normalization between arrays. Thus, signals from different arrays are calibrated to put them on a comparable scale. Centering and/or scaling are suitable normalization methods (Parmigiani et al., 2003; see below) . In order to eliminate non-informative genes in this study, those genes were excluded from the analysis that did not show a twofold deviation in expression ratios after any treatment. Any remaining individual data points, which indicated 'n.d.', 'o.o.', or 'exp', were assigned log 2 ¼ 0 (meaning no change) in order to allow further multivariate analysis (Troyanskaya et al., 2001) . The resulting n Â p data matrix (n ¼ 135, p ¼ 8) was preprocessed in order to calibrate different arrays and to focus the analysis on the differential gene expression for gene g (g ¼ 1, …, n) and transcriptional response j (j ¼ 1, …, p). Therefore, data were standardized with respect to columns (response) and mean-centered with respect to rows (genes). This was done iteratively. Then PCA reduces the dimensionality of the multivariate data to represent the objects (genes) in a reduced space and groups of variables correlating with each other can be extracted. Such groups are represented by new variables, which are linear combinations of original variables. If there are non-zero correlations between the original data, PCA allows reducing dimensions while only slightly reducing information: a large proportion of the variance will be explained by a smaller number of new variables. In a two-dimensional reduced space used in this study the variance for each gene between responses is proportional to the distance to the origin of the plot. Since genes with great variances contribute more significantly to the differentiation of transcriptional responses, the angular distance was used to select genes. It was arbitrarily set at 1.6 resulting in a selection of 46 out of 135 genes. For each gene the angular distance from the x-axis describes the relation of this gene to both new variables. Therefore, this parameter was used to rearrange and cluster the data. Subsequently, the original ratios were substituted to create color-coded expression-profile tables of this set of most informative genes (Figure 4) .
Verification of MetArray results by RT-PCR
Total RNA samples from replica experiments were pooled and equal amounts (0.5 or 1 lg) were re-verse transcribed. Subsequent semi-quantitative PCR was performed using a limited number of PCR cycles that was individually checked to remain in the exponential phase of amplification (Weig et al., 1997; Bovet et al., 2003) . The gene for ribosomal protein AtS16 was amplified in parallel and used for normalization. Quantifications were based on ethidium bromide fluorescence or [a- 33 P]-dAMP incorporation and phosporimaging (Weig et al., 1997; Bovet et al., 2003) . Gene-specific primers and numbers of PCR cycles for GSTF2, GSTF3, GSTF6, GSTF7, UGT74F2, MRP3, and AtS16 are accessible as Supplementary Table 8 . The expression of CYP71B15 and CYP72A8 was examined by real-time PCR using GeneAmp 5700 sequence detection system (Applied Biosystems, Courtaboeuf, France) with SYBR Green I (Roche, Mannheim, Germany). Amplification consisted of 40 cycles (95°C/15 s, 60°C/60 s). The actin2 gene was used as an internal, constitutively expressed standard of each cDNA sample. Primers are listed in Supplementary Table 8 . Quantification of gene expression was performed using the cycle threshold method relatively to a calibrator (defined for each target with cDNA dilutions). All analyses were run at least in duplicate. Mean values were calculated for relative expression ratios.
